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ABSTRACT Designercellulosomesareprecision-engineeredmultienzymecomplexesinwhichthemoleculararchitectureanden-
zymecontentareexquisitelycontrolled.Thissystemwasusedtoexamineenzymecooperationforimprovedsynergyamong
Thermobiﬁda fusca glycoside hydrolases. Two T. fusca cellulases, Cel48A exoglucanase and Cel5A endoglucanase, and two
T. fusca xylanases, endoxylanases Xyn10B and Xyn11A, were selected as enzymatic components of a mixed cellulase/xylanase-
containingdesignercellulosome.Theresultantmixedmultienzymecomplexwasfabricatedonasinglescaffoldinsubunitbear-
ing all four enzymes. Conversion of T. fusca enzymes to the cellulosomal mode followed by their subsequent incorporation into
atetravalentcellulosomeledtoassemblieswithenhancedactivity(~2.4-fold)onwheatstrawasacomplexcellulosicsubstrate.
Theenhancedsynergywascausedbytheproximityoftheenzymesonthecomplexcomparedtothefree-enzymesystems.The
hydrolyticpropertiesofthetetravalentdesignercellulosomewerecomparedwiththecombinedactionoftwoseparatedivalent
cellulase-andxylanase-containingcellulosomes.Signiﬁcantly,thetetravalentdesignercellulosomesystemexhibitedan~2-fold
enhancementinenzymaticactivitycomparedtotheactivityofthemixtureoftwodistinctdivalentscaffoldin-borneenzymes.
Theseresultsprovideadditionalevidencethatcloseproximitybetweencellulasesandxylanasesiskeytotheobservedconcerted
degradationofthecomplexcellulosicsubstrateinwhichtheintegratedenzymescomplementeachotherbypromotingaccessto
therelevantpolysaccharidecomponentsofthesubstrate.Thedatademonstratethatcooperationamongxylanasesandcellulases
canbeaugmentedbytheirintegrationintoasingledesignercellulosome.
IMPORTANCE Globaleffortstowardsalternativeenergyprogramsarehighlightedbyprocessesforconvertingplant-derivedcar-
bohydratestobiofuels.Themajorbarrierinsuchprocessesistheinherentrecalcitrancetoenzymaticdegradationofcellulose
combinedwithrelatedassociatedpolysaccharides.Themultienzymecellulosomecomplexes,producedbyanaerobicbacteria,
areconsideredtobethemostefﬁcientsystemsfordegradationofplantcellwallbiomass.Inthepresentwork,wehaveemployed
asyntheticbiologyapproachbyproducingartiﬁcialdesignercellulosomesofpredeﬁnedenzymecompositionandarchitecture.
Theengineeredtetravalentcellulosomecomplexescontaintwodifferenttypesofcellulasesandtwodistinctxylanases.Usingthis
approach,enhancedsynergisticactivitywasobservedonwheatstraw,anaturalrecalcitrantsubstrate.Thepresentworkstrives
togaininsightintothecombinedactionofcellulosomalenzymecomponentstowardsthedevelopmentofadvancedsystemsfor
improveddegradationofcellulosicmaterial.
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W
hen enzymes attack polymeric substrates at different sites
and create new sites for each other, they act synergistically,
i.e.,theircombinedactivityisgreaterthanthesumoftheindivid-
ual activities. Enhancing enzyme synergy to improve industrial
processes is an important biotechnological challenge. Enhancing
the synergy among different glycoside hydrolases (i.e., cellulases,
xylanases, and other plant cell wall polysaccharide-degrading en-
zymes) could have a major impact on reducing environmental
pollution and improving bioenergy production.
Various paradigms for plant cell wall-degrading enzymes have
been described recently (1, 2), among which free-enzyme systems
and multienzyme cellulosomes are prominent. Synergism has
been demonstrated between cellulases from different microbial
systems,betweencellulosomalandnoncellulosomalenzymes,be-
tween different types of enzymes from different families, and be-
tween enzymes that have different modes of action (i.e., exoglu-
canases and endoglucanases) (3–11).
Synergism among enzymes of the free-cellulase-producing,
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much attention, owing to the potential industrial advantages of
these enzymes, including high thermostability properties, broad
pH range, and high activity. In this context, synergism among
T. fusca xylan-degrading enzymes (12, 13), as well as their coop-
eration with cellulose-degrading enzymes (9, 14), has been dem-
onstrated. Attempts to enhance T. fusca enzyme synergism also
have been undertaken by integrating its enzymes into designer
cellulosomes (3–5, 15). In the designer cellulosome format, en-
zymes are complexed together on a structural protein subunit
(scaffoldin) via a tenacious and speciﬁc type of intermodular
protein-protein interaction (between the cohesin modules of the
scaffodin component and the dockerin-borne enzymes). In such
designer cellulosome complexes, enzyme proximity, combined
with substrate binding via a carbohydrate-binding module
(CBM)containedinthescaffoldinsubunit,canresultinenhanced
enzymatic activities (3, 8).
Previous research in this ﬁeld has been limited to demonstra-
tionsofsynergybetweeneitherxylanasesorcellulasesalone,while
little is known about synergy between both types of enzymes
within a single designer cellulosome. In a recent publication (16),
we demonstrated the advantage of enzyme proximity in the deg-
radation of a complex cellulosic substrate (wheat straw) by a
mixed-enzyme designer cellulosome, comprising two xylanases
andasingleendoglucanasefromT.fusca.Sincethatworkfocused
onthecontributionofaxylan/cellulose-bindingmoduletooverall
activity, it was thus of interest to extend this line of research by
examiningtheadditionalincorporationofanexoglucanaseintoa
designer cellulosome. For this purpose, Cel48A (an exoglucanase
fromT.fusca)thathasbeenshownpreviouslytoactsynergistically
with endoglucanase Cel5A (3) on crystalline cellulosic substrates
was converted to the cellulosomal mode, and the two cellulases
werecombinedwiththetwoappropriatedockerin-containingxy-
lanases used in the previous study (16). The present communica-
tiondescribesthecapacityoftheresultantdesignercellulosometo
degrade wheat straw.
RESULTS
Construction and expression of recombinant proteins. The re-
combinantproteinsdesignedforuseinthisstudyareshownsche-
maticallyinFig.1.FourdifferentT.fuscaenzymeswereused,two
xylanases, Xyn11A and Xyn10B, and two cellulases, family 5 en-
doglucanase Cel5A and family 48 exoglucanase Cel48A. The na-
tiveT.fuscacellulases,Cel5AandCel48A,aretypicalfree(noncel-
lulosomal) enzymes, each of which contains a family 2 cellulose-
speciﬁcCBM.Thenativexylanase,Xyn11A,containsaCBMfrom
the same family (named XBM [for xylan-binding CBM] for the
purposes of this study), which shows binding speciﬁcity for both
cellulose and xylan (17). Xyn10B lacks a CBM.
ToconverttheseT.fuscaenzymesintothecellulosomalmode,
each was joined by recombinant DNA to a dockerin with a differ-
ent speciﬁcity. These enzymes have been the topic of previous
FIG1 Schematicrepresentationsoftherecombinantproteinsusedinthisstudy.Inshorthandnotationfortheengineeredenzymes,thenumbers5,10,11,and
48refertothecorrespondingglycosidehydrolase(GH)family(GH5,GH10,GH11,andGH48)ofthecatalyticmodule;uppercaselettersB,F,T,andAindicate
the source of the cohesin module and lowercase letters b, f, t, and a indicate the source of the dockerin module from B. cellulosolvens, R. ﬂavefaciens, C. thermo-
cellum, and A. cellulolyticum, respectively. The source of the representative module (see key) is also indicated by color as follows: mint green or powder blue,
T. fusca xylanase or cellulase, respectively; yellow, B. cellulosolvens; green, R. ﬂavefaciens; red, C. thermocellum; lavender, A. cellulolyticus.
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place the N-terminal CBMs of the native cellulase (Cel5A and
Cel48A), thereby generating f-5A and b-48A, or added at the C
terminus of the xylanases, thus generating 11A-XBM-a and 10B-t.
The f-5A chimera is a recombinant cellulose-hydrolyzing en-
zyme consisting of two fused modules, a catalytic module of the
family 5 endoglucanase Cel5A from T. fusca and a dockerin from
the Ruminococcus ﬂavefaciens ScaA scaffoldin (18). b-48 was de-
signed to contain the catalytic module of T. fusca exoglucanase
Cel48A ligated with a dockerin from the Bacteriodes cellulosolvens
ScaA scaffoldin. In 11A-XBM-a, dockerin B from Acetovibrio cellu-
lolyticus was appended at the C terminus of the original Xyn11A,
thus retaining the original catalytic module and xylan-binding
CBM (XBM). Indeed, the role of the intrinsic cellulose/xylan-
binding module (XBM) of Xyn11A is essential for efﬁcient sub-
strate degradation in designer cellulosomes, presumably by cor-
rect orientation of the parent xylanase towards its preferred
polysaccharide component of the complex wheat straw substrate
(16).Consequently,thisspeciﬁcfamily2CBMwasmaintainedin
the chimeric enzyme. To integrate Xyn10B into an enzymatic
complex, the dockerin from exoglucanase Cel48S of Clostrid-
ium thermocellum (19) was fused at its C terminus, resulting in
10B-t.
Scaf·BFcarriestwocohesinswithdifferentspeciﬁcities,thereby
allowing the possibility of binding two different dockerin-
containing proteins selectively. The speciﬁc modules that com-
prise the construct are as follows: cohesin 3 from scaffoldin B of
Bacteroides cellulosolvens (designated B for the purposes of this
work), the family 3a CBM from C. thermocellum, which binds
strongly to cellulose (20), and cohesin 1 from R. ﬂavefaciens scaf-
foldin B (designated F) (18). Scaf·BF allows the speciﬁc incorpo-
ration of two of the above-described enzymes, i.e., cellulases
b-48A and f-5A, and will direct the resultant divalent designer
cellulosome complex to the substrate via the CBM.
Scaf·AT also has 2 different cohesins together with the same
cellulose-bindingfamily3aCBMandwasdesignedtoincorporate
the remaining enzymes (i.e., the xylanases) into an alternative di-
valent designer cellulosome complex. A. cellulolyticus cohesin 3
(designated A) (21) will interact speciﬁcally with an enzyme car-
rying the matching dockerin, i.e., 11A-XBM-a. At the C terminus,
cohesin 3 from the CipA C. thermocellum scaffoldin (designated
T) (22) will incorporate the dockerin-containing enzyme, 10B-t,
into the complex.
In addition to the above-described chimeric scaffoldins, a
more intricate tetravalent scaffoldin Scaf·BTFA was produced,
which includes all four of the above-described cohesin types to-
gether with the cellulose-binding CBM. This 4-cohesin scaffoldin
enablestheintegrationofthetwoxylanases,10B-tand11A-XBM-a,
and the two cellulases, f-5A and b-48A, into a single designer cel-
lulosome complex.
All puriﬁed recombinant proteins showed a single major band
on SDS-polyacrylamide gels (not shown), and in each case, their
mobility was consistent with their molecular mass.
Afﬁnity-based ELISA. The speciﬁcities of the cohesins for the
chimeric dockerin-bearing enzymes were examined semiquanti-
tatively by a sensitive enzyme-linked afﬁnity assay in microtiter
plates(23).Allthecohesinsineachscaffoldinboundtheirrespec-
tive dockerin in a speciﬁc manner and failed to bind (or bound
very poorly) other nonmatching dockerin-bearing molecules
(data not shown). The scaffoldin-borne cohesins bound their
matching dockerins as efﬁciently as the individual monovalent
scaffoldinsdid,indicatingthatthebindingcapabilitiesofthescaf-
foldins were reliable and selective. All speciﬁc cohesin-dockerin
interactions, for each scaffoldin, were of similar intensity as
judged by the afﬁnity enzyme-linked immunosorbent assay
(ELISA) procedure, thus indicating that similar amounts of pro-
teinwereboundineachwell,suggestingamolarequivalentofthe
1:1 scaffoldin (cohesin)-to-dockerin ratio.
Analysis of complex formation. For each chimeric designer
cellulosome, the formation of complexes was tested by nondena-
turing PAGE. Denaturing SDS-PAGE was used as a control for
veriﬁcationofsamplecontent.Stoichiometricmixturesoftheen-
zymes and the scaffoldin resulted in a single major band with
alteredmobility(thebandbecamebiggeranditspositionshifted),
thusindicatingthatcompleteornear-completecomplexationwas
achieved in all cases (Fig. 2).
As in previous designer cellulosome studies, some of the chi-
meric scaffoldin and enzyme preparations were characterized by
residualcontaminatingbands,viewedeitherbydenaturingPAGE
and/or by nondenaturing PAGE. These bands were generally mi-
nor, and for the purposes of these studies, the quality of the dif-
ferent designer cellulosome preparations and their suitability for
use in activity experiments were judged by the banding pattern of
the ﬁnal product—i.e., the formation of a major band on a non-
denaturing polyacrylamide gel.
Enzymatic activity on wheat straw. As observed in Fig. 3, the
various mixtures of free enzymes were found to be less active on
wheatstrawthanthedesignercellulosomecomplex,whichexhib-
ited an ~2.4-fold enhancement compared to the other enzyme
mixtures after 20 h of degradation. No signiﬁcant difference was
observed in activity on the wheat straw substrate of the wild-type
enzymes,thefreechimericenzymescontainingdockerins,andthe
monovalent scaffoldin-bearing enzymes, after7ho fdegradation.
At earlier time points, the monovalent scaffoldin-bearing en-
zymes appeared to be more efﬁcient than the other controls, pre-
sumably owing to the well-established targeting effect (4–6).
To evaluate potential proximity effects between cellulases and
xylanases, two separate divalent designer cellulosomes were pro-
duced. For this purpose, the chimeric xylanases 10B-t and 11A-
XBM-a were incorporated into an appropriate divalent scaffoldin,
and the chimeric cellulases f-5A and b-48A were integrated into a
secondscaffoldin.Wewereabletoestimatethedifferencesinsub-
strate degradation between the mixture of the two divalent scaf-
foldins (containing cellulase or xylanase) and a third scaffoldin
bearing all four enzymes (Fig. 4). After 17 h of degradation, the
tetravalent cellulosome exhibited a signiﬁcant increase in activity
compared to the mixture of the two distinct scaffoldins (~2-fold
enhancement), while the mixture of the two designer cellulo-
somes also showed an enhanced rate of degradation compared to
the wild-type enzymes (~1.5-fold enhancement). Interestingly,
the data showed that the production of soluble sugars by the tet-
ravalent designer cellulosomes continued to increase signiﬁcantly
as a function of time.
Sugar analysis. Sugar concentrations and identiﬁcation were
determined using known concentrations of standards, and the
relative amounts of products following enzymatic action of the
different preparations on the wheat straw substrate were calcu-
lated via integration of the identiﬁed peaks. Combinations of free
andscaffoldin-borneenzymeswereappliedtosamplesofhatched
wheat straw, and the degradation products were analyzed after 17
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lose, xylobiose, and xylotriose were found in each sample (Ta-
ble 1). Note that the differences between the total sugars for each
sample identiﬁed by high-performance liquid chromatography
(HPLC) are not as large as those seen in Fig. 3 and 4, as HPLC
analysis did not detect all the reducing sugars measured by the
dinitrosalicylic acid (DNS) reagent.
Incorporation of the dockerin-containing enzyme derivatives
intotwochimericscaffoldinsenhancedthelevelsofcellobioseand
xylotriose at the apparent expense of xylobiose and arabinose rel-
ative to the degradation products released by the wild-type en-
zymes,whilethelevelsofallsugarswerehigherinsamplestreated
with the tetravalent cellulose/xylanase-containing designer cellu-
losome,inaccordancewiththelevelsofreducingsugarsshownin
Fig. 4.
Yield calculations. In an earlier report (8), the washed, un-
treated,commerciallyobtainedhatchedwheatstrawsubstratewas
found to contain 3.3 mmol of acid-extracted reducing sugar/g
(dry matter), which is made up of approximately 2.3 mmol of
glucose, 0.8 mmol of xylose, and 0.1 mmol of arabinose (all three
measurements per gram [dry matter]). In the present work, the
reaction yields after 4.5 h of enzyme treatment (initial rates of the
reaction) comprised 8.1% for the tetravalent cellulose/xylanase
designer cellulosome system versus 4.3% for the mixture of wild-
type enzymes; after 20 h of reaction, the yields increased to 13.8%
versus 6.1%, respectively.
FIG 2 Electrophoretic mobility of components and assembled complexes on nondenaturing and denaturing gels. For the two xylanase gels, equimolar
concentrations of the chimeric enzymes (11A-XBM-a and 10B-t) and their matching divalent scaffoldin (Scaf·AT) were combined. For the two cellulase gels,
equimolarconcentrationsofthechimericenzymes(f-5Aandb-48A)andtheirmatchingdivalentscaffoldin(Scaf·BF)werecombined.Forthetwomixed-enzyme
complex gels, equimolar concentrations of the chimeric enzymes (f-5A, b-48A, 11A-XBM-a, and 10B-t) and their matching tetravalent scaffoldin (Scaf·BTAF)
werecombined.ThesinglefusionproteinsandthemixturesweresubjectedtonondenaturingPAGE(A)anddenaturingSDS-PAGE(B).Analysisofthematching
componentsbynondenaturingPAGEindicatestheirnear-completeinteractionasasinglemajorbandformed.Theschematicrepresentationsbelowthegelsare
explained in the symbol key in Fig. 1 and in the legend to Fig. 1.
FIG 3 Kinetics studies of wheat straw hydrolysis by the free-enzyme systems
versus the tetravalent cellulosome. The kinetics curves for scaffoldin-bound
enzymecomplex(designercellulosomes),free-chimeric-enzymesystem(lack-
ingCBMs),chimericenzymesattachedtomonovalentscaffoldins(containing
CBM), and wild-type enzymes (containing native CBMs) are shown. Each
reaction was performed three times. Error bars represent standard deviations.
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The tetravalent cellulose/xylanase-containing designer cellulo-
some exhibited enhanced degradation of a natural recalcitrant
substrate compared to the combined action of the corresponding
free wild-type enzymes. Enzyme proximity was shown to be
mainlyresponsiblefortheimprovementofsubstratedegradation,
and little or no contribution could be attributed to the substrate-
targeting effect, which would be expected, as the free enzymes
contained CBMs.
Earlierreports(3–8,16)havedemonstratedthatbothproxim-
ity and CBM targeting effects can occur simultaneously in de-
signer cellulosomes. Indeed, both effects play a role in enhancing
enzyme synergy by designer cellulosomes, and the effects were
demonstrated to be cumulative. Nevertheless, one study (10) re-
portedthedualactionoffungalandbacterialenzymesondesigner
cellulosomes, whereby either a proximity effect or a targeting ef-
fect, but not both, was observed. The authors suggested that the
origin of the enzymes from different microbial systems may have
been responsible for apparent antagonism between the proximity
andCBMtargetingeffectsandthatthebeneﬁtofcombinedeffects
may occur in designer cellulosomes composed only of bacterial
enzymes. Moreover, in a recent article (24), the designer cellulo-
some approach was used to examine the interplay of prominent
cellulosomal and noncellulosomal cellulases from C. thermocel-
lum on crystalline cellulose. In that case, the targeting effect was
foundtobethemajorfactorresponsibleforthesynergismamong
the enzyme combinations, whereas the proximity effect appeared
to play a negligible role.
From these studies, we can conclude that any given designer
cellulosome complex may exhibit either of these effects, either
singly or in combination, depending on the characteristics (spe-
ciﬁc enzymes, composition and organization of scaffoldin, linker
regions,etc.)oftheindividualsystem.Thephenomenathatcause
the synergistic effect seem to depend on the characteristics of the
speciﬁc enzyme combination used to fabricate the designer cellu-
losome, and the properties of the component parts should be ex-
aminedcarefullyineverystudy.Anotherimportantconsideration
is the type of substrate employed. Indeed, the type of substrate
inﬂuencesenzymesynergyandthusrepresentsafundamentalpa-
rameter of the experimental system. In the present work, wheat
straw was chosen as the substrate. This natural complex cellulosic
substrate was subjected only to physical pretreatment, and the
experimental conditions are thus closer to those in nature, as op-
posed to synthetic cellulosic substrates such as Avicel. Wheat
straw was selected in lieu of other possible complex natural sub-
strates (e.g., switchgrass or poplar) to allow comparison with the
results of previous studies on designer cellulosomes (8, 16).
We have recently demonstrated the advantageous property of
enzymeproximityinwheatstrawdegradationbyadesignercellu-
losome, comprising T. fusca xylanases Xyn10B and Xyn11A and
endoglucanase Cel5A (16). This complex lacked an exoglu-
canase—a key type of enzyme which acts in concert with appro-
priateendoglucanasesforsynergisticdegradationofthecellulosic
component of the straw substrate. In the current work, the chi-
meric scaffoldin, which contains four cohesin modules, now en-
abled the inclusion of the Cel48A exoglucanase to provide a more
complete tetravalent cellulase/xylanase cellulosome. The close
proximity between cellulases and xylanases is key to concerted
degradationofthesubstrate,wherebytheactivitiesofthedifferent
enzymes facilitate the activities of their counterparts by promot-
ing access to appropriate portions of the complex insoluble sub-
strate, since the release of sugar products was higher for the tet-
ravalent designer cellulosome than the combined effects of the
FIG 4 Kinetics studies of wheat straw hydrolysis by the different complexes
versus the free wild-type enzyme system. Degradation by a single tetravalent
designer cellulosome complex bearing all four enzymes, degradation by two
divalent designer cellulosomes complexes, one bearing the cellulases and the
otherbearingthexylanases,anddegradationbythefreewild-typeenzymesare
shown. Each reaction was performed three times. Error bars represent stan-
dard deviations.
TABLE 1 Soluble sugar production following digestion of hatched wheat straw (17-h incubation period) by various enzyme combinationsa
Enzyme combination
Amt of sugar producedb
Arabinose Xylose Xylobiose Cellobiose Xylotriose
Wild-type free enzymes 6.8  0.1 (45.7) 6.8  0.3 (45.7) 19  0.6 (68.6) 46.7  1.4 (137.1) 4.5  0.4 (10.9)
Divalent cellulase- and xylanase-containing designer cellulosomes 6.5  0.5 (42.8) 5.3  0.3 (34.2) 12.7  1.5 (45.7) 58.7  1.9 (168.6) 11.3  0.7 (27.1)
Tetravalent cellulase/xylanase-containing designer cellulosome 6.8  0.2 (45.7) 7.8  0.1 (51.4) 31.6  0.7 (111.4) 61.5  1 (180) 12.7  0.6 (30.6)
a Data were obtained by HPLC analysis. The absence of glucose was conﬁrmed by using a glucose assay kit. Values for xylose were corroborated using a xylose assay kit. An
unidentiﬁed peak, present only after enzymatic treatments, eluted at ~3.9 min (between the xylose and xylobiose peaks) and was possibly a modiﬁed monosaccharide.
b Values are shown in milligrams per gram of substrate (mean  standard deviation). The values in parentheses are micromoles per gram of substrate.
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stratethatcooperationamongxylanasesandcellulasescanbepro-
motedbytheirintegrationintoasingledesignercellulosomecom-
plex.Thefactthatthemixtureofthetwodistinctdivalentdesigner
cellulosomes exhibited enhanced activity relative to the wild-type
enzymesisanindicationthattheproximitybetweentwoenzymes
of the same type (i.e., cellulases or xylanases) is also advantageous
for efﬁcient straw degradation.
Becausetheycontainmatchingchimericcohesinanddockerin
pairs, designer cellulosomes provide an exquisite experimental
toolforprecisionincorporationofselectedenzymesintoadistinct
multienzyme assembly. They differ from other types of artiﬁcial
complexes (minicellulosomes) in which the scaffoldin-borne co-
hesins are of uniform speciﬁcity, thereby generating heteroge-
neouspopulationsofcomplexes(25,26).Theartiﬁcialtetravalent
cellulase/xylanase-containing designer cellulosome described in
this study includes a deﬁned number of the known enzymes pro-
duced by T. fusca. By characterizing its degradation properties on
the wheat straw substrate, we now have a basis with which to
examinetheeffectsofadditionalenzymes—eithercellulosomalor
noncellulosomal in origin, from T. fusca or from other microbial
sources. New enzymatic activities can thus be evaluated in the
future to introduce desirable synergistic contributions and to in-
creasetherateofhydrolysisofcomplexpolysaccharides.Thelong-
termobjectiveofsuchstudiesistoapproachandhopefullysurpass
the rates of plant cell wall degradation exhibited by natural cellu-
losomes.
The cellulose in wheat straw is not highly crystalline (27), but
enzymeattackonthecelluloseisblockedphysicallybyhemicellu-
lose, consisting mainly of substituted xylan, and by lignin (28). In
the present work, enhanced degradation is observed for both the
cellulose and hemicellulose components, which appear to be sol-
ubilizedinroughlyequalamounts.Thisisincontrasttotheeffect
ofmildacidandhydrothermalpretreatments,whichleadtoselec-
tive hydrolysis of hemicellulose (28). The enzymatic content of
designercellulosomescanthusbegearedtoaccountforthestruc-
tural composition of the substrate and to overcome some of the
barriers (including the chemical bonding of hemicellulose to lig-
nin) that impede access of the cellulases to their more recalcitrant
cellulosic substrate. Additional beneﬁt may be achieved by com-
bining mixed-enzyme designer cellulosomes with pretreatment
techniques, e.g., aqueous ammonia, that serve to selectively delig-
nifyplantbiomasswhileretainingthecelluloseandhemicellulose
components (29).
One of the major strengths of the designer cellulosome system
is also an inherent limitation. The fact that this system affords
controlled incorporation of the desired enzymes implies that the
resultant complexes are homogeneous in content. While this is a
necessityforthepurposesofbasicscience,thisisclearlyatvariance
with natural cellulosome systems, which are heterogeneous.
Moreover, it has been shown that stoichiometric amounts of en-
doglucanases and exoglucanases in a given system are suboptimal
for efﬁcient degradation of crystalline cellulosic substrates, where
largeexcessesofexoglucanasesarerequired(9,11,30–33).Thisis
true for both cellulosomal and noncellulosomal systems. To
achieve efﬁcient conversion of cellulosic biomass, future studies
using designer cellulosomes need to address these issues.
In this work, we have investigated the advantages of cellulo-
somes versus free-enzyme systems in the degradation of plant cell
wall polysaccharides in their natural setting. Our study provides
additional evidence that chimeric designer cellulosome technol-
ogy can include enzymes that are optimized for degradation of
recalcitrant natural complex cellulosic substrates but do not form
complexes in vivo. Designer cellulosomes thus hold promise as
powerful biotechnological tools for improvement of enzymatic
systems, and our capacity to control the speciﬁc incorporation of
enzymatic and nonenzymatic components into deﬁned com-
plexes has considerable potential for a broad variety of applica-
tions, notably for conversion of cellulosic biomass to soluble sac-
charides en route to biofuels.
MATERIALS AND METHODS
Cloning. Wild-type enzymes, chimeras, and recombinant scaffoldins
were cloned as described previously (16, 17, 34–36). All enzyme con-
structsweredesignedtocontainaHistagforthesubsequentpuriﬁcation.
PCRswereperformedusingABgeneReddymixx2(AdvancedBiotechnol-
ogies Ltd., United Kingdom), and DNA samples were puriﬁed using a
HiYield gel/PCR fragment extraction kit (Real Biotech Corporation
[RBC], Taiwan).
Scaf·BTFA was assembled from cohesin modules and CBM, which
were cloned from the appropriate genomic DNAs. Cohesin B (cohesin 3
from Bacteroides cellulosolvens scaffoldin B) was ampliﬁed using 5= CCA
TGGCGGGGAAAAGTTCACCAG 3= (ﬁve random bases were added be-
fore the restriction site in each primer) and 5= GGTACCTTAGTTACAG
TAATGCTTCC 3= primers (NcoI and KpnI sites in boldface type).
CBM-T (CBM3a and cohesin 3 from the cellulosomal scaffoldin subunit
ClostridiumthermocellumYS)wasampliﬁedusing5=GGTACCGACAAA
CACACCGACAAACACA 3= and 5= GGATCCCTATATCTCCAACATT
TACTCCAC 3= primers (KpnI and BamHI sites in boldface type). Cohe-
sinF(cohesin1fromRuminococcusﬂavefaciensstrain17scaffoldinB)was
ampliﬁed using 5= GGATCCCGCCGGTGGTTTATCCGCTGTG 3= and
5= GCTAGCTTAATGGTGATGGTGATGGTGAACAATGATAGCGCC
ATCAGT 3= primers (BamHI and NheI sites in boldface type), and cohe-
sin a (cohesin 3 from Acetovibrio cellulolyticus scaffoldin C) was cloned
using 5= GCTAGCATTTACAGGTTGACATTGGAAGT 3= and 5= CTCG
AGGATGCAATTACCTCAATTTTTCC 3= primers (NheI and XhoI sites
in boldface type). The different modules were assembled in the linearized
pET28a plasmid to form pScaf·BTFA.
Proteinexpressionandpuriﬁcation.Wild-typeenzymesandchime-
ras were prepared as described previously (3, 5, 16, 17, 35, 36). Recombi-
nant scaffoldins were puriﬁed on phosphoric acid swollen cellulose
(PASC) by the previously described method (34). The purity of the re-
combinant proteins was tested by SDS-PAGE on 12% acrylamide gels.
The concentration of the puriﬁed protein was estimated by absorbance
(280 nm) based on the known amino acid composition of the desired
protein using the Protparam tool (http://www.expasy.org/tools
/protparam.html). The proteins were then stored in 50% (vol/vol) glyc-
erol at 20°C.
Afﬁnity-based ELISA. The matching fusion protein procedure of
Barak et al. (23) and Caspi et al. (5) was followed to determine cohesin-
dockerin speciﬁcity.
Nondenaturating PAGE. To check the extent of interaction between
thecohesin-bearingscaffoldinanddockerin-bearingenzymes,adifferen-
tial mobility assay on nondenaturing gels was used. Protein samples (4 to
8 g each) were added in a predetermined equimolar manner to Tris-
buffered saline (TBS) (pH 7.4) supplemented with 10 mM CaCl2 and
0.05% Tween 20 to a total volume of 30 l. The tubes were incubated for
2 h at 37°C. Sample buffer (7.5 l in the absence of SDS) was added to
15 l of the reaction mixture, and the samples were loaded onto nonde-
naturating gels (4.3% stacking gels/9% separating gels). A parallel SDS-
PAGE gel (10%) was performed on the remaining 15-l sample.
Enzymaticactivity.Hatchedwheatstraw(0.2to0.8mm)providedby
Valagro (Poitiers, France) was treated as described previously (8, 37): 5 g
of prehatched wheat straw was placed in 500 ml of double-distilled water
and subjected to 1-h intermittent mechanical treatment (10-min blend,
Moraïs et al.
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The crude substrate was then incubated in distilled water with gentle
stirring for3ha troom temperature, vacuum ﬁltered on a 2.7-m glass
ﬁlter, resuspended in water, and incubated for 16 h with gentle stirring at
4°C. The suspension was ﬁltered and washed three times with water, and
asamplewasdriedat100°Covernighttoestimatethedryweight.Atypical
assaymixtureconsistedof100lofbuffer(50mMcitratebuffer[pH6.0],
12 mM CaCl2, 2 mM EDTA), the concentration of the straw was 3.5 g/
liter, and the concentration of each enzyme added was 0.2 M. The
reaction mixtures were incubated at 50°C, and the reactions were termi-
nated at predetermined time points by transferring the tubes to an ice-
water bath. After a centrifugation step (5 min at 14,000 rpm), 100-l
portions of the supernatant ﬂuids were added to 150 l of dinitrosalicylic
acid(DNS)reagent,thetubeswereboiledfor10min,andabsorbancewas
measured at 540 nm (38). The release of soluble sugars (reducing sugar)
was determined using glucose as a standard. Dockerin-containing en-
zymes were subjected to2ho fincubation (37°C in the absence of sub-
strate) in the presence of equimolar concentrations of scaffoldin before
the assay for binding interaction was performed. All assays were per-
formed in triplicate.
Sugar identiﬁcation and analysis. Analysis of sugar content was per-
formed using a high-performance anion-exchange chromatography
(HPAEC)systemequippedwithaPA1column(Dionex,Sunnyvale,CA).
Reaction mixtures were loaded onto the column and eluted with NaOH
(200 mM). Sugar concentrations were determined by integration of the
chromatographicpeaksbasedonthepeaksofarabinose,xylose,xylobiose,
xylotriose, and cellobiose standards. Low levels of arabinose and xylose
were observed in blanks (double-distilled water); these values were de-
ducted in all the samples.
Xylose concentrations were conﬁrmed by a D-xylose assay kit pur-
chased from Megazyme (Wicklow, Ireland); glucose (absence thereof)
wasdeterminedusingaglucoseassaykit(productcodeGAGO20;Sigma-
Aldrich); both kits were used following the manufacturer’s instructions.
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